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Abstract
Given the importance of water vapor to weather, climate and hydrology, global humidity
observations from satellites arc critical. At low latitudes, radio occultation observations of
Earth’ s atmosphere using the Global Positioning System (GPS) satellites allow water vapor
profiles to be retricved with accuracies of 10 (o 2(wo below 6 to 7 km altitude and ~5% or
better within the boundary layer. GPS observations provide a unique combination of
accuracy, vertical resolution (<1km) and insensitivity to cloudandacrosol particies thatis
well suited to observations of the lower troposphere. These characteristics combined with
the inherent stability of radio occultation observations make it an excellent candidate for the
mcasurcment of long term trends.
introduction
The nced for high vertical resolution satellite observations of water vapor, providing
global-scale coverage particularly over oceanic regions, has been discussed by Starr and Melfi
(199 1). Water vapor distribution often varies sharply in the vertical dimension as cvidenced in the
many forms of strati form cloud systems 102- 103 m thick, ant] the sudden change in water vapor
concentration between the boundary layer and overlying free troposphere. The lack of adequate
data limits our ability to analyze or simulate important aspects of the global climate system.
Various investigators have identified GPS radio occultation measurements as a possible source of
atmospheric water vapor data (Kursinskiet a., 1991, 1993; Gorbunov and Sokolovskiy, 1993;
Yuan cta, 1993). These occultation observations offer high accuracy and a viewing geometry

complementary to that of nadir viewing geosynchronous wecather satellites. The work presented



here provides the first global accuracy estimate of tropospheric water vapor derived from GPS
occultations, calculated as a function of height, latitude and season. T obtain these estimates, it is
assumed that independent pressure and temperature data from observations and metcorological
analyses can bcuscd to isolate the contribution of water vapor to the atmospheric refractivity
profiles ret ricved from occult at ion data. GPS occultation 1neasurements arc most sensitive to water
vapor in the warmer regions of the troposphere, particularly in tropical regions where abundances
arc greatest, and their accuracy is limited primarily by uncertainties in the independent pressure and

temperature data and errors in retricved refractivity.

Resolution and Coverage

The Global Positioning System (GPS) was implemented to provide precise position
determination. Yunck et al. (1988) pointed out that the GI’S satellite constellation could be used to
make radio occultation observations of Earth's atmosphere using onc or more GPS receivers
operating in low Earth orbit, With the present constellation of 24 GPS satellites, a single orbiting
GPSreceiver can observe of order 500 occultations pcr day spread across the globe. These
observations have good vertical resolution at long wavelengths (~20 cm), providing a unigue
opportunity to routinely probe the troposphere using limb sounding geometry. Horizontal and
vertical resolution perpendicular to the Jinc of sight arc roughly1.5km in the stratosphere, with
vertical resolution improving to < 0.5 km near the surface. Along the linc of sight, horizontal

resolution is of order 200 km (Kursinski et al. 1993a).

Derivation of Water Vapor from Refractivity
In radio occultation, atmospheric refractive index profiles arc retricved from bending angle
profiles derived from measured Doppler shift (Fjeldbo ct al. 1971). As the index of refraction, n,
is close to unity, it is convenient to define the refractivity, N = (n-1) x106. At microwave
wavelengths, refractivity in Earth’s lower atmosphere is related to atmospheric properties by the

expression:




P n,
N=(117+“2t1,—2 (1)

where P’ is pressure in mbar, 7' is temperature in Kelvin, P is water vapor partial pressure in
mbar, a; is 77,6 K/mbar and @2 is 3.73x 105 K2/mbar. The uncertainty in the water vapor
refractivity contribution to Eq. (1) is less than 0.S% (T'hayer,1974). At typical atmospheric
temperaturcs and microwave wavelengths, the refractivity of pure water vapor is approximately 17
times greater than that of dry air so that, near the surface in the tropics, water vapor can contribute
more than one-third of the total refractivity, Attenuation by particle scattering is negligible because
GPS signal wavelengths arc large (Kursinski et al., 1993b). The contribution of condcnscd water
to atmospheric refractivity is small because its refractivity is only 25% (liquid) or 10% (ice) of that
of an equivalent density of water vapor. Furthermore, condensed water abundances are a small
percentage of vapor abundances. For example, very large liquid water abundances of 0.5 g/m3,
found at the top of stratiform cloud deck at the top of marine boundary layers, contribute

approximately 1.4% to total water refractivity (Paluchet a. 1992).

Water Vapor Accuracy in thel.ower Troposphere
Itis clear from equation 1 (hat there is ambiguity between the contributions of P, 7, and Py,
to refractivity. 1lowcver, water vapor profiles can be derived from refractivity profiles given
independent estimates of P and 7’. Equation ( 1) can be ru.arranged to express P, intermsof P, T,

and N, to give:

- .
o= NI - Py @
The sensitivity of water vapor partial pressure to errors in pressure, temperature and retricved
refractivity can be assessed by differentiating and manipulating Eq.(2) to give:

dr,
1)

W

= (B+ 1) (42l - pdl 3)

where B =a 11P/a;P,. Clearly B, and from Eq. (3), the accuracy of water vapor profiles derived
from measurements of microwave refractivity, depends strongly on watt.r vapor mixing ratio. The

variation of 1 with atitude and latitude is shown in Figure 1.




Water vapor measurement crrors can be derived from equation 3 given accuracy knowledge
for N, P and 7. Pressure and temperature error contributions to lig] (3) are correlated because they
arc related hydrostatically. Fractional pressure errors at a given altitude consist of a fractiona
pressure error at some boundary plus an error due to the integrated vertical structure of fractional

temperature error. For a surface boundary, the total fractional pressure error at height, z, can be

writlen as
8p _ O | ["&81dz @
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where H is the pressure scale height and 8P/P, 5Py/Ps and 8T/T arc fractiona errors in pressure,
surface pressure and temperature. The maximum net errorinEq (3) occurs when 6777 varies
randomly with height and the second term on the RHS of Eq. (4) contributes little relative to the
temperature term in Eq. (3).In this analysis, we thercfore ignore the temperature error term in Eq.
(4) and assume an rms surface pressure error of 3 mbar.

The determination of the accuracy with which tropospheric temperature can be measured
and modecled has received much att ention. Passive remote sound i ng measurements give rmserrors
typically ranging from1to 3 K rclative to radiosonde measurements, depending on the instrument,
the retrieval scheme, altitude, cloudiness and vertical temperature stracture (Phillips ctal. 1 988;
Kelly et al., 1991). The rms differcnce bet ween lower troposphere termperatures in weather model
analyses (specifically 6 hour forecasts) andradiosonde measurements ranges from 1to 2 K
(Anderssonet al., 1991; Kelly et al., 1991). As radiosonde data arc a primary input to the models,
model accuracies in regions devoid of radiosondes will presumably be worse. In addition,
radiosonde observations themselves arc imperfect so estimates of accuracy made through
comparison with radiosondes must be optimistic. The rms temperature error is assumed to be 1.5
K inthis anaysis.

To complete the water vapor error cstimate, a retrieved refractivity error estimate is
required. Random and systematic crrors in refractivity arc introduced by receiver thermal noise,

clock instabilities, ionospheric correction residual errors, and the neglect of horizontal structure in




the Abel transform retrieval. Based on several studics, the dominant source of error in the
troposphere is expected to be the neglect of horizontal strut.tLlrc (Kursinskiet a. 1993a,b;
Gorbunov and Sokolovskiy, 1993; Vorob'ev and Krasil'nikova, 1993; Hardy ctal. 1994). To
characterize refractivity errors, we have simulated retrievals using both temperature and water
fields obtained from a 40 km resolution NMC regional forecast I¥'TTA model (Janjic, 1990;
Mesinger et al. 1988), modified by M. Zupanski for AIRS (Atmospheric infrared Sounder) data
simulation activities. Simulated measurements were generated by raytracing signal paths from
GPS satellites to areceiver in low Earth orbit through the model atmospheric structure. Profiles of
refractivity were then retrieved from the mecasurements using the Abel transform assuming
spherical symmetry (Fjeldboet al., 1971). The retrieved refractivit y error statistics of figure 2
show that errors arc of order 0.2% above 500 mbar and increase rapidly at lower levels due to
increasing horizontal humidity gradients. At the top of the tradewind inversion (-800 mbar), a
layer roughly 200 to 300 meters thick can contain vertical refractivity gradients large enough for
critical refraction to occur. Signal paths whose tangent heights lic within such a layer cannot
emerge from the at mosphere. This effect has been observed in other planetary at mospheres (e.g.
Lindalct @)., 1987). The current implementation of the retricvaischemeis unable to derive
refractivity accurately below criticaly refracting layers, so that only profiles without critical
refraction arc included in figure 2 below 800 mbar. Theorctically, only the portion of the
refractivity profile within the critically refracting layer should be inaccessible to improved Abel
transform retrievals.

If wc assume that the refractivity, temperature and pressure error contributions to the water

vapor retrieval error discussed above arc independent, Eq. (3) becomes:
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where o, is the standard deviation of quantity, «.. Contours of water vapor profile error, derived
from equation (5) for annual mean water vapor and temperature climatologies, arc shown in Figure
3.
Low Latitude Water Vapor Retrievals

in order to examine the potential of GPS occultations for low latitude water vapor retrievals
given realistic temperature and pressure variations, wc have used 63 radiosonde soundings from
Hilo, Hawaii, spanning the month of July 1991, to construct a short, single location, tropical
climatology. To simulate errors in the derivation of humidity from retrieved refractivity duc to
temperature and pressure fluctuations, given a good mean pressure/tcnlpcratLirc profile
climatology, profiles of water vapor were derived from refractivity profiles calculated for each
radiosonde sounding using the mean of all 63 soundings for the temperature and pressure estimates
required by Eq. (2). The mean relative humidity profile for the month and the standard deviation
from the mean, measured by the radiosondes, arc shown in Figure 4a.  The measured vertical
structures of the standard deviation of pressure and temperature over the month arc shown in
Figure 4b. Overall the temperature fluctuations are similar to the 1.5 K rms error assumed above
while the surface pressure variation is much smaller than the 3 mbar used above. The rms
fractional error in water vapor derived in this simulation is shown in Figure 4c, both with and
without the retricved refractivity error of figure 2,. The results of Figure 4c arc generally consistent
with the low latitude estimates of figure 2, with sensitivities of 20% or better achieved up to
altitudes of 6 to 7 km. Sharp error increases near 2 and 4 km altitude arc caused by day-to-day
variations in the altitude of the inversion at the top of the boundary layer. Sensitivities below the
tradewind inversion suggest that water vapor abundances within the convective boundary layer
could bc derived to the 1 to 5% level provided accurate retrieved refractivities are available in this
region. Thissimulation of water vapor accuracy is successful because of the low variability of
tropical atmospheric structure,butis conservative in that model atmospheric analyses at low
latitudes should represent pressure and temperature structure more accurately than simple

climatological averages.
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Climatological applications

Despite the fundamental role played by water in weather and climate, an adequate
climatology of atmospheric water vapor does not exist. Radiosondes presently provide most of the
high vertical resolution profiles of humidity with a highly inhomogencous, lancl-biased spatial
distribution. In the lower troposphere, GPS observations deliver hundred meter to one km vertical
resolution with global coverage and 100-200 km horizontal averaging. This vertical resolution lies
between that of radiosondes and current satellite remote sounding instruments and should yield a
significant improvement in the vertical scales observable globally. in addition, horizontal averaging
produces profiles that arc more representative climatologically than point measurements. Finaly,
insensitivity to particulates allows GPS occultations to measure humidity structure representative of
the entire range of climatological variation by retrieving water vapor profiles below clouds.

The GPS water vapor retricval accuracies of Figures 3 and 4 at low latitudes compare
favorably with goals of 5 and 10% established by Starr and Melfi for the boundary layer and
overlying troposphere respectively, and are generally conservative, provided the problem of
retrieval through critical layersis solved. Changesin water vapor abundance at low latitudesin the
lower and mid-troposphere have been identified as reliable indicators of modcled climate change
(Santer et a., 1990; Schlcsinger et a., 1990). These arc precisely the regions of greatest accuracy
for GPS occultations.

Averaging GI’ S-derived humidities regionally and temporally to examine climatological
behavior will reduce random errors and improve upon the accuracies summarized in Figures 3 and
4c, athough improvements will ultimately be limited by systematic errors in the temperature,
pressure and refractivity data used in deriving water vapor viaEq. (2). For the refractivity retrieval
simulation presented in Figure 2, the profile of mean error is much smaller than the standard
deviation of individual profile errors at all levels, suggesting that regionally averaged refractivity
structure may be more accurate than individual refractivity profiles. Biases in estimates of
temperature arc difficult to quantify. Biases between NMC and ECM WI: model anal yscs arc of

order 0.5 K or lcss in the lower troposphere (Kasahara ant] Mizzi, 1992.). A comparison between




radiosonde temperatures and those derived from the 11 IRS (infrared) and MSU (microwave)
instruments on the NOAA-9 & 10 satellites indicate that biases at mid and low latitudes in the lower
t roposphere arc generally 1 K or less (Flobert et al., 199 1). A factor of 3 improvement in accuracy
gained from averaging, equivalent to a temperature bias of 0.5 K, would give specific humidity
accuracies of better than 1.5% within the low latitude boundary layer and raise the 10% accuracy
criterion for climatological utility by 3 km.
Conclusions

Wc have presented afirst order overview of the resolution and accuracy with which water
vapor structure can be derived from GPS occultation observations. These observations are
extremel y sensitive to water vapor, but their accuracy is limited by eri ors in pressure, temperature
and retricved refractivity. Accuracies are a strong function of water vapor abundance and the best
measurements Will be obtained in the warmer regions of the troposphere. GPS observations will
yicldlittle information on humidity in the upper tropospherc. Instcad, they will be used to
determine density, pressure and temperature structure. The best humidity data will be obtained at
low latitudes in the middle and lower troposphere where individual profile accuracies of better than
5% in the boundary layer and 20% up to 601 7 km altitude may be achieved. Mid-latitude
accuracies will depend upon season. At 45° latitude, the atitude of 20% accuracy varies from
approximately 5 km in the summer to 2-3 km in the winter hemisphere. For climatological
investigations, averaging has the potential to improve upon these individual profile accuracies.
Given its unique combination of good vertical resolution and insensitivity to clouds, this class of
observations will improve our knowledge of the vertical humidity structure of the warmer
troposphere significantly, particularly over regions such as the oceans where radiosonde coverage
IS sparse or nonexistent.
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FIGURE CAPTIONS:

1. Dependence of the scaling factor, B (Eg. 3), on altitude and latitude for an annual mean
temperature and water vapor climatology from Peixoto and Oort (1992).

2 Fractional refractivity error estimated using a high resolution regional atmospheric model to
generate approximatel y 100 simulated measurements and characterize the effects of horizontal
refractivity structure on the Abclian retrieval process (see text). Profiles of mean retrieval error
and error standard deviation are given for the entire set of simulations, both with and without
the contribution of water vapor to refractivity.

3. Estimated meridional dependence of fractional water vapor accuracy. Solid contours show
errors duc to 1.5 K temperature and 3 mbar surface errors. Dashed contours include the
additional refractivity errors shown in Figure 2. Water vapor and temperature climatologics arc
annual means from Peixoto and Oort (1992).

4. Estimated retrieval accuracy based on 63 radiosonde profiles from Hilo, Hawaii for July 1991.
a: Average and standard deviation of radiosonde water vapor partial pressure data, b: Standard
deviation of radiosonde temperature and pressure variations. ¢: Simulated accuracy of retrieved
water vapor partial pressure. The solid curve shows errors duc to temperature and pressure
errors alone, whereas the dotted line aiso includes the refractivity error of Figure 2. All the

curves arc plotted as a function of geopotential height
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